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FOREWORD 


The problem of electromagnetic and electrostatic induction between high voltage power 
lines and telecommunication lines has lately been engaging the attention of engineers m India. 
The increased developmental activity in the postwar years of both power and telephone 
services led frequently to situations of conflict ; and it was soon realised that special efforts 
should be made to understand the nature of this interference problem and,to devise satisfac¬ 
tory means of overcoming the trouble. 

Arising from the recommendation of the All-India Power Engineers’ Conference in Feb¬ 
ruary 1949, at which this problem was discussed, the Government of India set up the Central 
Standing Committee for Coordination of Power and Telecommunication Systems. This 
Committee consisting of representatives of both power and telecommunication interests in 
India, is required to make a detailed study of all aspects of the problem of interference between 
power and communication systems, carry out scientific investigations and experiments 
wherever necessary, make a comparative study of the practices adopted in foreign countries to 
deal with this problem and to recommend suitable co-ordination methods to be adopted by 
engineers in India. 

In regard to scientific investigations on the problem of interference between power and 
teleco mmuni cation lines, the Committee’s work can be broadly divided into the following 
three categories : 

(1) Low Frequency Induction : Studies under this*would include the development of 
means for predetermining low frequency voltages and currents in inductive exposures 
and consideration of measures for reducing the low frequency inductive influence of power 
systems and the low frequency inductive susceptiveness of communication systems. 

(2) Noise Frequency Induction : Studies under this category would include the deter¬ 
mination of the optimum noise levels for ensuring satisfactory telephone service, investigation 
of the sources of wave-shape distortion, and unbalance in powe • systems, study of coupling 
factors involved in noise frequency induction and the development of remedial measures. 

(3) Structural Co-ordination and Protection against ■physical contacts : Examination 
of design and construction features in the case of power and teloccmmunication lines 
carried on the same supports or power teleccmmunication line crossings etc. w ould come 
under this study'. 

The Committee has so far made a start with the study of low frequency induction only. 
It is hoped that in due course it will be able to undertake further studies on the other subjects 
also. 

The three reports included in this volume are first of a series of reports which the Com¬ 
mittee hopes to issue from time to time. 


V. R. RAGHAVAN 

and 

B.S.RAU, 

Joint Secretaries, Central Standing/ Committee for 
Coordination of Power & Telecomrmmication Systems. 
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ENGINEERING REPORT NO. 1 


Low Frequency Inductive Interference between Power and Telecommunication 
Lines—Field Tests conducted at Amritsar and Bombay. 


1. Introduction .—This report describes the experiments carried out in the year 1949, in 
connection with inductive interference from earth currents arising from H.T. Power trans¬ 
mission lines on neighbouring telephone lines. The object of the tests was to gauge and 
understand by direct experimentation, the actual extent of low frequency electromagnetic 
induction between power lines and proximate and parallel telephone lines and to determine 
by comparison with theoretical computation the degree of agreement between calculated 
values and observed results under different conditions. In the context of the rapid develop¬ 
ment of large electrical power net-works in India, which is likely to result in increasingly 
frequent interference situations in future, this subject assumes wide significance. It is hoped 
that the experience gained by such investigations would be of value in the practical solution 
of the conflicting situations likely to be encountered by Power and Communication engineers. 

2. Scope of investigation. —The report describes the results of experiments carried out at 
Amritsar on the 132 kV lines of the Jogindernagar hydroelectric system in August 1949 and 
at Kalyan and Mulund on the 22 kV lines of the Tata Power Co. Ltd. in November 1949. 

3.1. Amritsar Tests .— 

3.1.1. In the Amritsar tests, the interference situation was between the 132 kV power 
transmission lines in the Amritsar-Jullimdur section of the Punjab hydroelectric network 
and the neighbouring Delhi-Amritsar carrier telephone lines. The parallelism was in the 
section between Amritsar and Jullundur, a distance of about 50 miles. The average spacing 
between the disturbing (power) and the disturbed (telecommunication) circuits was about 
1270 feet. The sketches shown in Figs. 1, 2 & 3 indicate the geographical as well as the 
electrical layouts of the relevant portions of the Punjab power system and also full technical 
particulars of the power lines under test. 

3.1.2. Tests were conducted to determine the mutual -coupling between the power and 
communication lines, when these are operated as earth return circuits. Besides, experiments 
were also carried out to determine the extent of shielding against electromagnetic induction 
between the circuits, which would result by the use of earthed conductors on ( i) the power lines 
and (ii) the telephone lines. A known current was circulated between the conductors on the 
power line and the earth return and the induced voltage on the communication wires to earth 
was measured by a suitable voltmeter. The tests were repeated using one or more conductors 
of the power lines and of the telephone lines as shielding conductors by earthing them at the 
terminals. Full details of the tests are described later in this report and in Appendix I. 

3.1.3. In the parallelism situation between Amritsar and Jullundur there is, as far as 
one can see, no extraneous source which may be expected to affect the electromagnetic in¬ 
duction between the power and communication circuits. There is no irrigation canal, 
pipe line or other electrically conducting earthed circuits in the neighbourhood to he 
taken account of. The railway track running parallel to the lines, not being bonded, is not 
expected to contribute to the shielding between the circuits. The effect of the earthed tele¬ 
graph wires along the railway line will be purely local and can therefore be ignored in the case 
under consideration. In other words, this section should be considered ideal for the purpose 
of carrying out the electromagnetic induction tests. 
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3.2. Bombay Tests. — 

3.2.1. In the Bombay tests, the interference situation was between the Kalyan-Vikhroli 
22 kV lines of the Tata Power Co., and the trunk telephone circuits running along the electri¬ 
fied railway tracks between Kalyan and Bombay. Figures 4, 5 and 6 indicate the geogra¬ 
phical and the electrical layouts of the lines under test, as well as the full technical particulars 
of the power circuit. 

3.2.2. The situation in Bombay was complicated by the presence of the electrified 
railway tracks which run parallel to and between the power and communication lines under 
tests. On the one hand, the D.C. harmonics of the track-currents induce extraneous 
voltages on the communication lines and on the other, the tracks, being a well-bonded earthed 
circuit, exert a substantial screening effect to the mutual coupling between the power and 
communication lines. In fact, one of the reasons for choosing Bombay for conducting 
these experiments was to make an attempt at the indirect determination of the actual 
shielding effect exerted by the railway tracks. 

3.2.3. The close parallelism was in the section between Mulund and Vikhroli, a distance 
of about 5 miles, the average spacing being 950 feet. The 22 kV line w as solidly earthed at 
Vikhroli (all the three conductors were bunched together) and a low tension supply connected 
between the conductors and earth at the Mulund City substation. The induced voltage 
between the telephone wires and the earth was measured successively in the following sections 
of the Bombay-Kalyan trunk telephone wires 

(i) Mulund—Vikhroli. 

(ii) Mulund- Bombay. 

(Hi) Kalyan—Bombay. 

3.2.4. Besides the above experiments where currents at low voltage were used, a full 
scale short circuit test was also conducted. The 22 kV line from Kalyan to Vikhroli was 
closed at Kalyan on a dead earth fault at Vikhroli and oscillographic records taken of the 
earth fault current as well as the induced voltage on the Kalyan-Bombay trunk telephone 
lines. The result of this test is shown in figures 9 and 10. 

3.2.5. Opportunity was also taken to observe the extraneous induction on the telephone 
lines arising from the currents flowing in the electric traction system. Observations on a 
cathode ray oscillograph showed that the wave form of this extraneous voltage was complex 
with a pronounced eighth harmonic. 

4.1. General. During the normal operating conditions of a power transmission hue, the 
amount of electromagnetic induction in a neighbouring and parallel telecommunication line 
at the supply frequency of 50 cycles per second is negligible, owing to the almost complete 
absence of earth return currents. However, during abnormal conditions such as when an 
earth fault occurs on any one phase of the power line, large fault currents flow in the power 
conductors and return through the earth. Under such conditions, the power line and the 
neighbouring telephone line form two parallel earth return circuits w ith a high degree of mutual 
coupling. The mutual coupling between two earth return circuits can be calculated with 
the aid of the formulae developed by Carson and Pollaczek or from coupling curves derived 
from these formulae, provided the resistivity of the earth in the area and other relevant parti¬ 
culars such as separation between the circuits, height of the conductors above the ground etc. 
are known. With this knowledge of the mutual coupling between two circuits, the voltage 
induced in one circuit as a result of given current in the other, Can be calculated. 

4.2.1. Two uncertain factors, however enter into the theoretical computation of the 
induced voltage. These arc (i) the earth resistivity of the area, and (ii) the screenin 
effect of earthed conductors etc. in the neighbourhood. 
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4.2.2. The earth resistivity in an area can be measured in several ways, but the results 
of measurements by different methods do not tally closely. The resistivity of the soil often 
varies quite considerably in two adjacent locations or even in the same location at different 
times. The earth resistivity in a particular area is an extremely complex function of the 
geological formation of the earth’s crust and a discussion on the methods for accurate deter¬ 
mination of the earth resistivity is beyond the scope of this paper. Fortunately, as far as 
the question of electromagnetic induction between two earth return circuits is concerned, 
even an approximate value of earth resistivity is good enough to compute to a reasonable 
degree of accuracy, the induced voltage by the Carson-Pollaezek curves. The measure¬ 
ments of earth resistivity taken under the tests described in this paper may therefore be 
assumed as reliable for the purpose envisaged. Actually, it is noticed that the earth resisti¬ 
vity obtained by the four electrode method using the Evershed and Vignoles Megger Earth 
Tester (vide para 6.1.) yielded results which agree closely with theoretical calculations. 

4.2.3.1. The screening effect of earthed conductors such as the ground wires on power 
lines can be calculated theoretically, although it is a tedious process. In the situations 
under test, calculations were made of the shielding factors due to the steel ground wires 
used on the power lines. In the case of the Amritsar-Jullundur line, calculations were also 
made of the shiel ding due to earthing of one or tw T o of the power wires. As shown later in the 
report, there is remarkable degree of agreement between the observed and calculated values 
of the shield factors. 

4.2.3.2. The screening effect due to such earth current paths such as irrigation canals, 
water pipes and bonded railway tracks does not, however lend itself to simple mathematical 
analysis. The only means therefore, by which the screening factor due to such circuits can be 
ascertained is to calculate the mutual coupling between the power and telecommunication cir¬ 
cuits assuming no screening and to compare this with the mutual coupling as obtained by an 
actual induction test. 

4.3. This report has been divided into three parts :— 

Part I deals with the determination of Earth Resistivity. 

Part II deals with the determination of the mutual coupling between two earth return 
circuits. 

Part III deals with the determination of the screening factor. 

Appendix I gives full details of the observations etc. recorded during the tests at 
Amritsar. 

Appendix II gives full details of the observations etc. recorded during the tests at 
Bombay. 

Appendix III gives the general methods adopted for calculating the shield factors. 
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PARI' I 

Determination of Earth Resistivity 

6.1. Use of “ Ever shed Vigmles Megger Earth Tester -Four electrode method. —Four 
spikes are driven into the ground at equal intervals “a” ems. (Fig. 7). The depth 
insertion of the spikes in the ground should not exceed one twentieth of “ a ”, The 
two outer spikes are connected to the instrument terminals C x and C 2 and the two 
inner spikes to the terminals Pj and P 2 . The megger handle is rotated steadily and the 
final steady reading “ R ” ohms shown on the dial is recorded. If the homogeneity of the 
soil is assumed, it can be shown that the earth resistivity in ohms/cm 3 is connected with R 
by the relationship. 

P -27raR 

6.1.1. Most observations were taken with spikes intervals of 50 feet. When the interval 
was increased to 75 feet and 100 feet, it was found that the values of the earth resistivity as 
calculated by the above formula increased. (Vide Table I.) 

6.1.2. Errors from polarisation effects etc. are avoided in this method of measuring 
resistivity, as the Megger Earth Tester operates on intermittent current. 

TABLE T 


Locality and date of test 

: 

Separa- | Megger 

t.ion ! reading 

“ a ” R in ohms 

in feet. j 

i 

1 

Calcula¬ 
ted earth 
resistivity 
in ohms/ 
cm 3 

Amritsar, Gth August 1949 .. .. • 

1 

50 \ 0-3 

2871 

Jullundur, Gtli August 1949 

50 1 0-4 

3828 

Sion, 25th November 1949 

50 l 0-11 

1053 

1)0. 

50 ! 0-02 

191 

Mulund, 2Gth November 1949 .. 

50 ! 0-15 

1436 

Do. . 

50 ’ 0-18 

1722 

l)o. 

75 ■ 0-14 

2010 

Do. . 

75 1 0-13 

1866 

Bhaudup, 2Gth November 1949 

50 ' 0-22 

2105 

Do. . .. 

50 ; 0-24 

2297 

Do. 

100 ! 0-24 

4594 

Do. . 

100 ! 0-20 

3828 

Vikhroli (Uneven land), 26th November 1949 

50 1 0-19 

1818 

Do. . 

50 0-19 

1818 

Do. . 

100 J 0-27 

5168 

Do. . 

100 I 0-27 

5168 











6.1.3. The increase in the resistivity due to increased spacing of spikes appears to be 
due to diffluent strata in the earth’s depth having different resistivities. Radley and White- 
head have stated (JIEE Vol. 74, March 1934, page 218) that it is possible from a series of 
tests at different electrode spacings to deduce resistivities of an upper and a lower layer, 
but that greater complexity of the earth’s crust, makes accurate deduction almost impossible. 
They have further stated that the four electrode test gives greater geophysical detail than 
i s necessary for interference calculations and that great care should be taken in deducing the 
appropriate mean earth resistivity.' This matter is dealt with in greater detail in Engineering 
Report 2. 

6.1.4. From an inspection of Table I above, it would appear that the mean earth 
resistivity of a top layer of the ground in the Bombay area is of the order of 1,500 ohms/cm*, 
There is probably also a deeper layer below this having a much higher resistivity of the order of 
about 5,000 ohms/cm 3 . For the Amritsar-Jullundur area, 3,000 ohras/cm 3 may be taken as 
a representative resistivity for the purpose of calculating mutual coupling between earth re¬ 
turn circuits. 

6.2. Use of “ Eversked-Vignoles Megger Earth Tester ”—Three electrode method .—This 
method is based on a formula connecting the earth resistivity with the electrode resistance 
of an earthing terminaFsuch as a rod or pipe driven vertically into the ground : 

R=f log e (i 1 ) /2„1 

Where R is the electrode resistance in ohms 

1 is the depth in eras to which the pipe or rod is driven underground, 
d is the diameter in ems ot the pipe or rod. 
p is the earth resistivity in ohms/cm 3 . 

6.2.1. The measurements made with the Megger Earth Tester were utilised for evalua¬ 
ting the earth resistivity by this method also. The cross section of the spikes used in the 
tests in the Bombay area was not circular, but in the form of a six pointed star. Moreover 
these spikes had a long pointed end. However, for the purposes of calculation with the above 
formula, an average diameter of 2 cms. was adopted. 

6 2.2 In making measurements under this method, the terminals Rj and of the 
instrument were connected together and connected to the spike (electrode) under test. [See 
Fig. 7). Terminals P 2 and C 2 are connected to two auxiliary spikes driven at distances 
sufficiently large as not to cause mutual interference between the fields of the different elec¬ 
trodes. The megger reads the electrode resistance directly. 

6.2.3. Table 11 gives the results obtained by the three electrode method which may be 
compared with those obtained by the four electrode method ( vide Table I). It is observed 
that there is considerable variation between the results obtained by the two methods. The 
probable masons for this discrepancy between the three electrode and four- electrode methods of 
measurement are dealt with in the Engineering Report 2. 
jnncw&Tc 
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TABLE II 


Locality and date of test 

Mean Dia¬ 
meter of 
rod in 
ems ‘ d ’ 

Depth of 
rod in 
inches 

_ . 

Earth re¬ 
sistance R 
in ohms 

Calculated 
earth 
resistivity 
in ohms/ 
cm 3 

Amritsar, Gth August 1949 .. 

4-8 

24 

7 

683 


4-8 

12 

5 

297 

Jullundur, Gth August 1949 

2-56 

17 

60 

3880 


2-56 

27. 

130 

11850 

Sion, 25th November 1949 .. 

2 

13 

15-8 

783 


2 

14 

18-0 

941 

Mulund, 2Gth November 1949 

2 

10-5 

55-0 

2320 

' 

2 

9-5 

125-0 

4900 

Do. .. -v . v . 

2 

100 

225-0 

10350 

Bhandup. 26th November 1949 

2 

7-0 

212-0 

6700 


2 

9-0 

210-0 

7910 

Do. 

2 

7-0 

288-0 

9010 

Do. .. .. . P H 

2 

8-0 

98-0 

3390 

Vikhroli, 26 th November 1949 

2 

90 

90-0 

3390 


2 

12-0 

74-0 

3450 

Do. . 

2 

90 

98-0 

3690 

Do. . 

2 

13-o 

138-0 

6840 


PART II 

Determination of the Mutual Coupling between Power and Telecommunication 

Lines 


7.1. Amritsar Tests-- 

7 . 1 . 1 . The mutual impedance between the 132 kV line from Amritsar to Jullundur and 
the carrier telephone pair CDP 3 in the same section was calculated theoretically. This was 
done by plotting the routes of the disturbing and the disturbed circuits on a large scale map. 
Ordinates were drawn on the map at right angles to the power line route at reasonably close 
intervals to take into account the variations along the route in the separating distances between 
the two circiuts. The mutual coupling between the circuits was determined for each small in¬ 
terval, where the mean spacing could be assumed to be uniform for all practical purposes, 
with the help of the Carson-Pollaczek curves. The total coupling for the whole section was 
determined by summating the couplings of the individual segments. The results of the 
calculations on the Amritsar-Jullundur Section yielded a mutual impedance of 3-72 ohms, 
in other words, for every ampere of current, circulating in the earth return circuit of the power 
lines, the longitudinal voltage to earth on the telephone wires would be 3*72 volts, assuming 
complete absence of all shielding influences. 








7 


7.1.2. The mutual impedance calculated above was verified experimentally. The three 
■conductors of the power line as well as the two limbs A and B of the telephone line CDP 3 
under test were solidly earthed at Jullundur end. Predetermined currents (obtained from the 
station transformer at Amritsar) were circulated between the power conductors and the earth 
and the voltage* to earth on the telephone wires measured at Amritsar. (Please see schem¬ 
atic arrangement of the connections shown in Figures 11 to 15 and the tables in Appendix I). 

7.1.3. No noticeable difference was observed in the induced voltage, whether one con¬ 
ductor or all three conductors in parallel were used for circulating the disturbing current. 
There was, however, an inexplicable discrepancy in the values of the induced voltage observed 
on the two limbs A and B of the carrier telephone line, , CDP 3, although the wires were tested 
before and after the experiments, for conduction, insulation and extraneous earths. As it 
was observed that the readings on the limb A were not as consistent as those on limb B, only 
the latter readings were accepted for drawing conclusions from these tests. 

7.1.4. The experimental value of the mutual impedance was 3 • 5 volts/amp. The slight 
difference between this figure and the value of 3*72 derived by calculation (para 7 T * 1) iB 
due to the small screening influence exerted by the permanent steel ground wire installed on 
the power line. This shiedling has been calculated to be about 5% ( Vide part III, Table IV) 
nnd when this is allowed for, the calculated and observed values of the coupling agree 
very closely. 

7’2. Paths of the ground-return currents in the earth. 

7.2.1. During the course of these tests, a very interesting point about the distribution 
of ground currents in the earth was verified. A reference to the geographical layout of the 
132 kV transmission lines of the Jogindernagar power system (Fig. 1) would show that the 
lines beyond Amritsar towards Jullundur “ loop back ”, so to say, towards the generating 
station. It might be expected that in the event of a line to earth fault on the Amritsar-Jul¬ 
lundur section of the 132kV lines, fault currents would pass through the overhead conductors 
from Jogindernagar to the point of fault in the forward direction and return by the direct path 
in the earth between the point of fault and the step-up transformer neutral at J ogindernagar. 
Thus although there is a high degree of mutual coupling between the earth return circuits of 
the 132 kV lines and the telephone lines in the Amritsar-J ullundur section (3-72 volts per 
ampere), it might be imagined that since the path of the ground currents in the event of an 
earth fault on the power line would not be parallel to the route of the lines, there would be 
little electromagnetic induction on the telephone, lines. 

7.2.2. A test was conducted to verify the above assumption. In the section between 

Jogindernagar and Amritsar supply was changed over to No. 1,-132 kVline and the No. 2 
line was isolated. The No. 2 line (deadened) was made through at the intermediate substations 
Kangra, Pathankot and Dhariwql, and connections made as shown in Fig. 15. 230 V single 

phase supply was injected between the conductors and the earth at Jogindernagar end, caus¬ 
ing a current to flow from Jogindernagar to Jullundur by ^he overhead conductors and return 
via earth from Jullundur to Jogindernagar and measurement was made of the longitudinal 
induced voltage on telephone lines. Contrary to the expectations, it was found that the mutual 
impedance between the circuits had not been reduced and was of the same order as in the ear¬ 
lier experiment. 

7.2.3. The conclusion that arises from this test is that the mutual coupling between 
two earth-return circuits is independent of the position or location of the generating station or 

* Since electromagnetic type measuring instruments were used, the observations do not indicate sirictly the open circuit induced 

e.m.f. on the telephone lines. In Engineering Report Mo. tt, a method for allowing for drop in voltage in the self imped¬ 
ance of the line and the resistance in tho instruments has been worked out. 
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the substation to which the ground currents of the disturbing circuit ultimately return. It 
other words, the ground currents do not take the. slimiest path between the source of supply and iht 
fault, but follow the; route of the overhead line from the fault point to the source. 

7.2.4. This result appears at first, sight to be surprising ; but a little consideration 
would show that this is just what is to be expected. The distribution of the ground currents is 
controlled by two factors, viz. the resistance and the reactance drops. The former occurs 
mainly in the vicinity of the earth electrodes or the faulted points ; but beyond a short distance 
from the electrodes on the faulted points, the density of the current is so small that no sub¬ 
stantial additions to the voltage drop arise from resistance to current flow. On the other hand, 
the configuration of the earth return circuit determines its reactance. The currents will take 
that path in which the reactance or in other words the magnetic energy associated with the 
circuit is minimum. To satisfy this condition the loop formed by the forward and the return 
paths of the current should be as small as possible, i.e. the ground currents should follow the 
overhead wires throughout the route. 

8.1. Bombay Tests — 

8.1.1. As stated earlier, the exposure section in the Bombay experiments was between 
Mulund and Vikhroli. The three conductors of the 22 kV line were solidly earthed at Vikhroli. 
Availing of the 230 V supply at the Mulund City Substation, current was circulated in the 
earth return circuit and the induced voltage on the parallel telecommunication wires (Bombay- 
Kalyan trunk lines) measured. (Vide detailed connections shown in Fig. 8 and Appendix II). 
The values of the induced voltage per unit current were the same on either limb of tbe tele¬ 
phone pail 1 , unlike the discrepancy noticed in the tests at Amritsar. It was also noticed that 
the mutual coupling was the same whether the disturbing current was circulated through one 
conductor or all the three conductors in parallel. 

8.1.2. Fig. 14 shows the observed values of the induced voltage plotted against the in¬ 
ducing current. The points lie on a straight line, which, however, cuts the ‘ Y ’ axis at a value 
of 0*2 volts, indicating an extraneous induced e.m.f. of the order of 0-2 volts. This extrane¬ 
ous induction, however, was actually observed to be of the order of 4 to 8 volts, when the earth 
return current was switched off. The explanation for this appears to be that the voltage 
arising from induction from power line happened to be in approximate phase quadrature with 
the extraneous voltage so that when the two voltages were superposed, the resultant value was 
not appreciably different from that of the major component. It was also observed that the 
induced voltage on the telephone wires was about 72° behind the inducing current on the power 
line which indicates that the mutual coupling included resistance component and was in the 
nature of a mutual impedance rather than a pure reactance. 

8.1.3. The measured value of the mutual impedance cannot be direct ly compared with 
the theoretically calculated value owing to the substantial screening effect of the bonded rail¬ 
way track and of the ground wire on tile power line. An attempt has been made later in this 
report to evaluate approximately the shield factor due to the tracks. 

8.1.4. The induction tests were repeated and measurements were made of induced vol¬ 
tages on the telephone wires in the Bombay-Mulund, and Bombay-Kalyan sections-—be. 
in sections of the telephone line extending beyond the exposure. Unfortunately, however, 
the observations are not consistent and do not therefore appear reliable. This is perhaps due 
to the uncertain effects of extraneous induction from different sections of the electrified rail 
track and it is considered unsafe to draw any conclusions from these observations. 

8.2. In continuation of the induction tests described above in which currents at low 
voltage were circulated, a full voltage short-circuit test was also carried out on the Kalyan- 
Thana-Mulund-Vikhroli 22 kV line with an artificial earth fault at Vikhroli end. Oscillogra¬ 
phic records of the earth fault current as well as the voltage to earth induced on the Kalyan- 
Bombay trunk telephone wires were obtained. The short circuit tests were carried out 



(1) with high speed relay in operation, when the switch tripped in 12 • 5 cycles, and (2) with the 
high speed relay cut out of operation, when the switch tripped in 30 • 5 cycles. The oscil¬ 
lographic records are reproduced in Figs. 9 and 10 and the values of current and induced vol¬ 
tage as shown in the oscillograms agree closely with the experiments carried out at low voltage. 

8.3. The stray voltages induced on the telephone lines due to the currents oh the rail¬ 
way track etc., could he observed on the oscillograph. This voltage had a complex wave¬ 
form with a pronounced harmonic at 400 cycles per second. The mean magnitude of the vol¬ 
tage was about 7 volts. Due to non-availability of photographic films, it was unfortunately not 
possible to obtain a record of these stray voltages. 

8.4. As a matter of interest, the extraneous voltages induced on the telephone line due 
to traction currents were observed over a period of time and recorded (Vide Table III). The 
observations were made at the Mulund City Substation. 


Table III 


Section exposed to induction 

Longitudinal voltage to 
earth on the trunk tele¬ 
phone line 

Remarks 

Vikhroli-Mulund Section 

2 volts fluctuating 

6 volts fluctuating 

1 volt fluctuating 

2 volts fluctuating 

1 volt fluctuating 

1 to 1 • 5 volts fluctuating 

1—5 volts fluctuating 

3 volts fluctuating 

Train stationary at Mulund R. S. 

Train accelerating towards Bombay. 

Train stationary at Mulund R. S. 

Train accelerating towards Kalyar. 

Trains moving in opposite directions. 

Train accelerating towards Kalyan. 

Goods train accelerating towards Kalyan. 
Train accelerating towards Bombay. 

Bombay-Mulund Section 

1 volt fluctuating 

4 volts fluctuating 

9 volts fluctuating 

No train visible. 

No train visible. 

Train accelerating towards Kalyan. 

Bombay-Kalyan Section 

1 volt fluctuating 

No train visible. 


PART III 


Determination of the Screening Effect due to Earthed Conductors 

9.1.1. The induction tests described in para 7.1.2. was repeated using one or more of 
the power conductors or telephone wires (other than those under test) as grounded screen wires. 
The terminals of the screen wires were solidly earthed for the purpose of introducing an earthed 
screen circuit. The results of these experiments are graphically indicated in Figs. 12 to 14, 
the relevant observations are included in the Appendix I. This test enables experimental 
evaluation of the screening factor of an earth return circuit because, 


Screening factor= 


Induced volta ge with the earthed screen wires. 
Induced Voltage without the earthed screen wires. 


In this manner, the screening effect which results by using successively one power conductor, 
two power conductors, one communication conductor and two communication conductors as 
earthed screen wires was determined. 

9.1.2. Theoretical methods have been developed for calculating approximately the 
screening influence of ground wires in the case of simple configurations :— 

(i) Carson’s formula (Report of the Joint Sub-Committee of Development and Re¬ 
search, Edison Electric Institute and Bell Telephone System, Vol. IV P. 17), and 
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(u) Method adopted by Radley and Whitehead (JIEE Vol. 74, March 1934, p. 221). 
These formulae are given for reference in Appendix III. 

9.1.3. For the parallelism situation in the Amritsar-Jullundur Section, the screening 
factors were calculated by both the above formulae for the various cases, and the results 
indicated reasonable agreement between the two methods. The calculated results are also 
comparable with the experimental figures to a remarkably close degree. The only unsatis¬ 
factory feature about this test was the fact that the induced voltages on the two limbs of the 
telephone pair CDP3 were unequal. 

Table IV 

I i Calculated Figures 


i i 

i i 

| I 

Particulars ' Tost j 

figure*" T 


Unscreened Voltage 

Screening factor duo to 
line. 

Voltage after allowing for screoning due to 3-5 
ground wire3 on power line. 

Screening factor due to one power conductor 
used as screen. 

Voltage after allowing for screening due to 
one power conductor used as screen and 
ground wires on power line. 

Screening factor due to two power conductors 
used as screen. 

Voltage after allowing for screening due to 
two power conductors used as screen and 
ground wires on power line. 

Screening factor due to one communication 
wire used as screen. 

Voltage after allowing for screening due to 3'345 
one communication wire used as screen and 
ground wires on power lino. 

Screening factor due to two communication 
wires used as screen. 

Voltage after allowing for screening due to two 3 • 125 

communication wires used as screen 
and ground wires on power line. 


I 

2-2 j 


1-4 




As per method given 

in the "Report of I As per method given 
Joint Sub committee i hi JTEE Vol. 74, 
of Development & _ March, 1934 

Research 

% Volts % Volts 

3-72* ... 3-72* 

95 .. 93.9 

3-534 .. 3-492 

64-5 .. 60-75 

2-28 .. 2-12 

47-8 .. 42-6 

1-689 .. 1-487 

95-15 .. 95 

3-363 .. 3-32 

88-8 .. 88-4 

3-14 .. 3-086 


•Figures basog on earth resistivity of 3000 nhms/om*. 
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9.2. In the case of the Bombay tests, the chief factors, responsible for the screening 
influence are the steel ground wire on the power line and the railway tracks. Calculations were 
made of the unscreened induced voltage and of the screening factor due to the ground wire. 
The voltage arrived at after allowing for this screening was compared with the observed in¬ 
duced voltage, from which the screening effect of the railway tracks was evaluated. (Vide 
Fig. 8). 

10. Conclusions. 

10.1. Despite a few discrepancies here and there, the tests described above are consi¬ 
dered satisfactory. It has been possible to obtain remarkably close agreement between the 
values of mutual coupling for earth return circuits as theoretically calculated and as actually 
measured. Similarly, satisfactory agreement between the calculated and measured values of 
shielding factors shows that it is possible to predict with a reasonable degree of accuracy in 
any given simple situation the extent of interference due to low frequency ^electromagnetic 
induction between a power and a proximate telephone line. 

10.2. It is realised, however, that one of the uncertain factors entering into this problem 
is the earth resistivity. While the four electrode method using the earth testing megger gives 
a fair idea of the earth resistivity, and is found to be good enough for the evaluation of mutual 
coupling between two earth return circuits, it is felt that further investigations should be made 
to evolve methods of determining earth resistivity with increased accuracy. 

It is proposed to pursue these investigations further, as opportunities arise. 
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APPENDIX, i 

Electromagnetic] Low Frequency Induction Tests carried out at Amritsar 


On August 7th, J949 


(a) Preliminary checks on telecommunication lines CDP 3 and CDP 4. 



CDP S 

CDP 4 

Insulation to earth 

.. Beyond rang* .. 

Beyond range 

Oram insulation •. 

.. Beyond range 

Beyond range 

Conduction on limb A 

.. 206 ohms. 

206 oralis. 

Conduction on limb B 

.. 206 ohms. .. .. 

206 ohms. 

Loop resistance 

.. 410 ohms. 

410 ohms. 

Localisation 

.. Nil 

Nil 

iVofe.—Carrier lines CDP 3 and CDP 4 were in good working condition. 



(b) Experiment 1 (Fig. II)—No screening conductors. 

Inducing lino—Amritsar-Jullundur 132 kV line. 
Induced lino—CDP 3. 


Case {i )—230 Volts Single phase 50 cycles per second supply between Eed phase conductor an d the 
earth. 


Current in the inducing line 

Lu amperes 

Voltage measured on the induoed line 

Limb A 

LimbB 

10 

2-6 

26 

20 

4-23 

6-88 

30 

^-—*9-31 

8-64 

40 

14'22 

14*22 


Case (it)—230 Volts Single phase 50 cycles per second supply between the three phases of poweiline 
bunched together and the earth. 


\ 

Current in the induoing lino 
in amperes 

Voltage measured on the induced line 

Limb A 

LimbB 

10 

1 

2-6 

S-64 

8-09 

8-77 

8-77 

30 

9-81 

9-81 

40 

14-19 

14-19 

8-9 

> 17-99 

17-99 


19-99 

19-89 


18-0 

99-99 
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<c) Experiment 2 (Fig. 12) —Power conductors used as screen wires. 

Inducing line—Amritsar-Jullundur 132 kV line. 

Induced line—CDP 3. 

Case (t) —230 Volts Single phase BO cycles per second supply between Red phase conductor and earth ; 
and the Blue phase conductor earthed at the terminals. 


Current in tbe inducing line 
in amperes 

Voltage measured on the induced line 


■ 

Limb A 

LimbB 

10 

1117 

1-63 

*0 

2-336 

3-64 

30 

4-11 

6-78 

40 

fi-83 

7-04 

3-0 

4-11 

6-78 

2-0 

2-445 

3-54 


1-175 

1-047 


Case (it)—230 Volts Single phase CO cycles per seccrdtuj ply tel ween the Rrd pkcce conductor and 
earth; and the Biue and Yellow phase conutotoie enilhcdat the teinm uls. 


Current in the inducing line 


Voltage measured on the induced line 


in amperoi 



Limb A 

Limb B 

1-0 

1-058 

1-236 

2-0 

1-889 

2-606 

3-0 

2-94 

4-29 

4-0 


6-66 

3-0 

2*885 

^ .] jVl ■Ml'j 

4-14 

2-0 

1-778 

2-446 

1*0 

0-976 

1-117 


(d) Experiments (Fig. 13)—Communication wires uf< dassemr wins. 

Inducing line—Amritsar-Jullundur 132 kV line. 

Induced line—CDP 3. 

Case (i)—230 Volts Single Phase BO cycles per second supply between all the phase cor ductc rs and earth; 
and limb A of CDP 4 earthed at terminals. 


Current in the inducing line 
in amperes 


Voltage measured on the induced line 
Limb A 


LimbB 
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Cs’fe (ft)—230 Volta Single phase 50 cycles per second supply between all the phase conductors and 
earth; and both the limbs A* and B of CDP 4 earthed at the terminals. 


Current in the induoing line 
in amperes 

Voltage measured on the induced line 


1 

Limb A 

LimbB * 

1*0 

1-66 

144 

1-0 

8-88 

6.33 

3*0 

8-66' 

8*74 

4-0 

8-74 

13-33 

5-0 

130 

18-23 

8-0 

161 

18-93 

7-0 

18-0 

22-7 


* These observations are plotted under Fig. 14. 


(e) Experiment 4 (Fig. 14) —Communication wire? used as screen. 

Inducing line—Amritsar- Juilundur 132 kV line. 

Induced line—CDP 3. 

Case (t)—230 Volts Single phase 50 cycles per second supply between all the phase conductors and 
earth ; and both the limbs A and B of CDP 4 earthed at the terminals as well as at 
Bees, an intermediate location. 

Current in the induoing line Voltage measured on the induced line 

in ampreen _____ 



Limb A 

1 Limb B 

1-0 

1-61 

2-6 

2-0 

3-71 

6-10 

3-0 

3-77 

8-31 

4-0 

7-9 

12-78 

6-0 

12-3 

16-33 

6-0 

13-66 

17-11 

7-0 

18-1 

21-42 

8*0 

* 

13-68 

17-0 

5-0 

12-17 

18-22 

4*0 

0-11 

12-66 

39 

7-47 

• -42 

*•0 

3-66 

6*16 

1-0 

1*66 

• •43 






!« 


Owe (it)—280 Volta Single phase 80 cycles pel second supply between all the phase conductors and 
earth; and both the limbs A & B of CDP 4 earthed at the terminals as well as at Bens 
and Kartarpur, two intermediate locations. 


Oumwt in the induoing line 
in ampere* 

Voltage measured on the induced line 

Limb A. 

Limb B 

1*0 

1-68 

2-8 

9-8 

!M 

i'll 

8-0 

6-88 

81 

40 

7*78 

ia*8T 


(/) Experiment B (Fig. 15)—No aereen wires. 

Inducing line—Jogindemagar-Amritear-Jullundur 132 kV Knee. 
Induced lines—CDP 3—between Amritsar and Jullundur. 


230 Volts Singlo phase 50 cycles per second supply from Jogindeiragar between all the three phase 
conductors in parallel and the earth. 


Current in the induoing lino 
in amperes 

1 Voltage measured on the induced line 

1 



Limb A j 

Limb B 

2-2 

n 

i 

5*88 1 

j 

7-48 

20 

8-85 | 

7-21 

1 *78 I 

4-94 1 

8-86 



APPENDIX II 

Electromagnetic Low Frequency Induction Tests carried out at Bombay 

On November 27, 1949 

(a) Preliminary checks on telecommunication lines under test (BOMBAY-KALYAN Hunks 
833 & 834) taken at 7-00 a.m. on 27th November 1949. 



t . 1 

Limb A 

Limb B 

■ 

Conduction test 

•• 

227 ohms 

227 ohms 

Insulation to Earth .. 

•• 

3-3 megohms 

3-3 megohms 

Cross insulation 

(Insulation between A & B) 

•• 

•• 

8-6 megohms 

Station earth at Bombay 

1 

I 

1 ohm. 


(b) Test No. 1 — 

Inducing line—Mulund-Vikhroli 22 kV line. 

Induced line—Bombay-Kalyan trunk telephone lines. 


(i\ Three power conductors paralleled and earthed at Vikhroli end ; 230 V Single phase 50 cycles per 
second supply injected between wires and earth at Mulund. 

(ii) Bombay-Kalyan trunk earthed at Vikhroli Voltage to eart h measured at Mul und. 


Current in 22 kV line in amperes 

Induced Voltage on telephone wires 

Limb A 

Limb B 

51-60 

. . 

18-0 

51-60 

•• 

17-2 

52-00 

17-8 

• • 

51-20 

17-6 

• ■ 

47-40 

16-5 

• • 

39-00 

13-6 


42-80 


15-0 

39-00 


13-8 


N.B .—Phase angle between inducing current and induced roltage wag separately measured and found to be 72". The 
angle was foundtobo independent of the magnitude of the current aDd the voltage. 


M117CW&PC 
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(e) Test No. 2 — 

(i) 230 Volte Single phase 50 cycles per second supply between the middle conductor and earth at 

Mulund, the terminal at Vikhroli being earthed. 

(ii) Bombay-Kalyan trunk earthed at Vikhroli; Voltage to earth measured at Mulund. 


Curront in 22 kV line in ampere* 

Induocd voltage on telephone wires 

Limb A 

Limb B • 

25-60 

9-0 


23-40 

8-0 

•• 

31-50 

10-4 

•• 

31-80 

.. 

111 

19-00 

•• 

6-8 

29-30 

10-2 



(i d) Test No. 3 — 

(i) 230 Volts Single phase 50 cycles per second supply between the middle conductor and earth 

at Mulund, tho terminal at Vikhroli being earthed. 

(ii) Bombay-Kalyan trunk earthed at Bom bay; V oltagc to earth measured at Mulund. 


Current in 22 kV line in amperes 

Induced voltage on 

telephone wires 

Limb A . 

• 

Limb B 

31-80 

12-0 

. . 

• 31-20 

12-0 

* * 

31-40 

•• 

11-8 

31-20 

•• 

11-8 

23-10 

•• 

2-6 


(e) Test No. 4— 

( i) 230 Volts Single phase 50 cycles per second supply between the middle conductor and earth at 
Mulund, tho terminal at Vikhroli being earthed. 


(ii) Bombay-Kalyan trunk earthed at Bombay and Kalyan, Voltmeter introduced in series at Mulund, 


Current in 22 kV lino in 
amperes 

Induced voltage on telephono wires 

31-20 

3-2 

31-40 

2-4 

31-40 

1-4 

21-00 

1-05 

22-40 

1-3 
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APPENDIX III 


Formulae for Self and Mutual Impedances and for Shield Factor for Multiple 

Conductor Ground-return Circuits 

I. Method for calculating shield factor due to grounded circuits as given in the Report of the J oint Sub-Com¬ 
mittee on Development and Research (Edison Electric Institute and Bell telephone , c ystem )r 

The formulae given by Carson (Bell syestem Technical Journal, October 1925) for the self and mutual 
mpedances of ground return circuits can be put in the following forms, (A) giving the self-impedance of an 
arth return circuit composed of n similar conductors connected in parallel, and (B) the mutual 
aipedance of two earth return circuits composed of groups of n conductors and m conductors respectively. 


Z 22 = r - + 0-28x10 3 /+j0-882x10 7log l0 - - ~- 

n /l 

p 


n - 3 , 


2160 


4 .9\/ 


Z 12 =0 • 28x10“ 3 /+j 0 • 882 X 10 3 / log l0 


2160 


W£ 


(A) 


(B) 


both in ohms per kilofoot, where 

r=Effoctive resistance of a single shielding conductor—ohms per kilofoot. 

/= Frequency—cycles per second, 
p— Earth resistivity—meter-ohms. 

yf^=aGcometric mean radius of n paralleled shielding conductors—feet. 

,2 , 2 7 2 , 2 2' 2 T l /» a - 

' 12 ^13 • • ' d \n ^23 • • * d 2n ' * ' d n— 1, n J (C) 

Dg =Geometric mean distance between n( 1,2. n) shielding conductors and m (a, b .. «t) 

disturbing (or disturbed) conductors— feet, 

1 

0 » 




:( d , i. ...d d ,,...d ,...d jw 

V la 2a na 16 nb nmj 


a =Radius of single shielding conductor—feet. 

p— Factor accounting for internal flux of single shielding conductor. 

= • 78 for solid non-magnetic conductor. 

Formulae (A) and (B) give self and mutual impedances to a sufficient accuracy for the requirements of 
•actical shielding problems for all cases whore D^ ^ or * 8 ^ eSS ^ an 

rmulaforthe shield factor for a shielding conductor of length L, grounded at its ends (the total terminal 
sistances being R) located' close to the disturbing (or disturbed) conductor with the disturbed (or 
sturbing) conductor a considerable distance away is— 


R / R 

Y i == + ( 01 ^23) j + ^22 

where Z 22 —self impedance of shielding Conductors. 

Z 12 —Mutual impedance between shielding and disturbing conductors. 
Z 2 g—Mutual impedance between shielding and disturbed conductors. 
7)=Shield factor. 


(E) 




20 


11. Method for calculating shield factor due to grounded circuits as developed in the J1EE Volume 
74, March 1934. 

The mutual induction, where an auxiliary conductor is in parallel with the earth, is less than that 
with a simple earth return, andean be obtained from the induction in the latter case by multiplying by a 
screening factor y] given by 

y ) =(Z 1 -M 1 )/(Z 1 +Z) (A) 


To a first approximation Z is the impedance of the earth path and is given approximately by 

f / 2 V) - 4 (B) 

Z — 7T 2 f + j to ^ 1 + 2 loge yK h J J X 10 ohms per km 

where K=2Tc\/^/p ; ry—1 • 7811 ; /—frequency ;h«= height of fault conductor in cm. co=2tc/; and p =re- 
sistivity of earth in CGS units. 


Self impedance of 
earth wire Z,~ 


ie of f 

l R ‘ 


+ j to A x + 2 log e 




— 4 

X 10 ohms per km 


where Rj— resistance of earth wire in absolute ohms per cm ; 1^=height of earth wire in cm ; r x — 
radius of earth wire in cm ; and A 1 =internal inductance (in absolute units per cm). 

The value of A x depends on the stranding ana tne presence of steel core but it is normally about 0*5. 

Also mutual impedance M x = ^ 2j<o log ( .(*) X 10 ohms per km ^ ^ 

where S^distance between the earth wire and the fault conductor, or the centre of gravity of the phase 
conductors for zero-phase currents. 
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